Objectives: Previous research has attributed older adults' difficulty with perceiving speech in noise to peripheral hearing loss. However, recent studies have suggested a more complex picture and implicate the central nervous system in sensation and sensory deficits. This study examines the relationship between the neuroanatomical structure of cognitive brain regions and the ability to perceive speech in noise in older adults. In particular, the neuroanatomical characteristics of the left ventral and dorsal prefrontal cortex (PFC) are considered relative to standard measures of hearing in noise.
INTRODUCTION
In this study, we examine the relationship between cortical anatomy and the ability to perceive speech in noise in older adults. Speech perception in the real world does not occur in a pristine acoustic environment, but rather in the presence of interfering background noise. For older adults, the presence of background noise makes speech perception particularly challenging (Cooper & Gates 1991; Walton et al. 2002; Helfer & Freyman 2008) . Although older adults do show peripheral hearing loss and this certainly contributes to problems with hearing in noise (Humes & Christopherson 1991; Humes et al. 1994) , peripheral loss does not explain the entirety of their problems. For example, multiple studies have found that even in idealized laboratory conditions, hearing aid users seem to derive only a few decibels of signal-to-noise ratio (SNR) benefit, even when the best available technologies such as directional microphones are used (see Bentler 2005 for a review).
In light of these findings, recent behavioral and neurologic studies have begun to examine contributions of the central nervous system (see Frisina et al. 2001 for a series of experiments in humans and animals; see Gordon-Salant et al. 2010 for recent reviews). Behaviorally, recent findings suggest that given the same level of audibility of the signal, cognitive factors such as attention, working memory, and speed of processing contribute significantly to both speech perception in quiet and in noise (see Humes 2007 for a review). Humes et al. (2002) found that portions of the variance in speech recognition in noise can be accounted for by nonperipheral factors including cognitive functions (measured by various subtests of the Revised Wechsler Adult Intelligence Scale). Lunner (2003) found 30 to 40% of the variance in speech recognition in noise to be explained by reading span. In hearing aid users, Foo et al. (2007) found reading span to be correlated with speech recognition in noise. Gatehouse et al. (2003 Gatehouse et al. ( , 2006 and Lunner and Sundewall-Thorén (2007) found visual letter monitoring (resembling the n-back working memory task) to be predictive of hearing aid users' success in adjusting hearing aid settings when listening to speech in noise.
These behavioral studies corroborate with recent neuroimaging findings. For example, Harris et al. (2009) found an association between activation of the anterior cingulate cortex and recognition of low-pass filtered words in older adults. In the study by Wong et al. (2009) , younger and older adults participated in a functional magnetic resonance imaging (fMRI) experiment in which they identified single words in quiet and in two multitalker babble noise conditions (SNR 20 and Ϫ5 dB), following the paradigm of an earlier fMRI study (Wong et al. 2008a ). Behaviorally, older adults performed significantly worse in the Ϫ5 dB SNR condition but not in the other two conditions, supporting previous work that showed that older adults suffer greater effects due to noise. In terms of hemodynamic responses, we found decreased activation in sensory areas of older adults, including the superior temporal region, which was accompanied by increased activation in cognitive brain regions including the prefrontal cortex (PFC) and precuneus. Crucially, increased activation in these cognitive brain regions of older adults was positively correlated with their ability to perceive speech in noise. This positive relationship suggests that to reduce further degradation in speech perception performance (or to achieve performance levels comparable to healthy young adults), some older adults successfully recruit PFC.
Taken together, these behavioral and neurophysiologic studies suggest that hearing in noise depends on both sensation and cognition (Frisina & Frisina 1997; Humes 2002; see Akeroyd 2008 for a recent review). Furthermore, these findings are consistent with the decline-compensation hypothesis (see Li & Lindenberger 2002 for an alternative hypothesis), which states that cognitive aging and a decline in sensory processing reflecting a decline in the activation of sensory cortical areas, and is accompanied by an increase in the recruitment of more general cognitive areas (e.g., PFC) as a means of compensation. To qualify PFC or other cognitive-related brain activation as compensatory, a critical aspect of this hypothesis is that it specifically predicts a positive relationship between PFC activation and behavioral performance within older adults. Ample evidence in other domains supports this hypothesis (Grady et al. 1994; Cabeza et al. 2004) .
In this study, we investigate the possible link between the anatomical characteristics of cognitive brain regions and speech perception in noise abilities in older adults. Much evidence exists supporting a positive relationship between volumes of cognitive brain regions and cognitive brain functions measured behaviorally. For example, it has been found that positive correlations exist between PFC volume and executive function (Gunning-Dixon & Raz 2003) , working memory , and attention (Filipek et al. 1997; Brickman et al. 2006; Zimmerman & Aloia 2006; Knudsen 2007; Kramer et al. 2007) . Memory performance has also been shown to be correlated with hippocampal volume (see Van Petten 2004 for a review). However, it is not known whether anatomical characteristics of cognitive brain regions, such as PFC volume, are linked to sensory functions such as speech perception in noise.
We focused on the anatomical characteristics of cognitive and sensory cortical regions and their relationship to listeners' speech perception in noise ability. We selected seven regions bilaterally, including regions of cognitive significance (e.g., those related to working memory and attention) in the dorsal and ventral aspects of PFC (caudal middle frontal gyrus, rostral middle frontal gyrus, superior frontal gyrus, pars opercularis, and pars triangularis) and the precuneus, as well as the auditory cortex (superior temporal region). The dorsal and ventral aspects of PFC encompass a large region of the cerebral cortex, and their cognitive involvement is broad. Although it remains a matter of debate, the PFC can be viewed as responsible for response and semantic selection (Nagel et al. 2008) , comparisons and monitoring of sensory inputs (Petrides 1992) , goal-oriented and maintenance processes (Miller & Cohen 2001) , and selection and organization (Blumenfeld & Ranganath 2007) . In consideration of PFC structures, it is important to consider both dorsal and ventral aspects. The regions we selected were also found to be significant contributors to speech perception in noise in our previous fMRI study (Wong et al. 2009 ).
SUBJECTS AND METHODS

Subjects
Subjects were 15 older (mean age ϭ 67.1 yrs; age range ϭ 62 to 75 yrs; 7 females) and 14 younger (mean age ϭ 21.1 yrs; age range ϭ 18 to 27 yrs; 9 females) adult native speakers of American English who reported no neurologic deficits. All subjects were right-handed as assessed by the Edinburgh Handedness Inventory (Oldfield 1971) . The cognitive abilities of all but one subject were assessed using the Woodcock-Johnson Tests of Cognitive Abilities-3 (Brief Intellectual Ability index was obtained) (Woodcock et al. 2001 ). The remaining subject was not available for a lengthy cognitive assessment and therefore the Mini-Mental State Examination (Folstein et al. 1975 ) was used as a screener. All subjects scored better than the normal limit for their age; the subject who performed the Mini-Mental State Examination scored 30 of a possible 30 points. Of the 15 older and 14 younger subjects, 12 of the subjects in each group also participated in our previous study examining the cortical mechanisms of speech perception in noise (Wong et al. 2009 ).
Peripheral Hearing
Subjects' peripheral hearing ability was screened using a Maico MI 26 audiometer and TDH 39 headphones. All subjects passed a hearing screening at 25 dB HL between 250 and 4000 Hz, the frequency range relevant for speech perception (Turner et al. 1999) . A more detailed assessment was also conducted using a custom tracking procedure in 2-dB steps. The stimuli were presented through custom insert earphones that were calibrated in a Bruel and Kjaer 4157 (IEC 711) ear simulator using a Bruel and Kjaer 4134 1/2Љ microphone. Subjects controlled the attenuation of the signal generator using a computer mouse. They were instructed to hold the mouse down as long as the signal was audible. Depressing the mouse reduced the level of the signal in the ear. The level decreased in 2-dB steps until the signal was no longer audible, prompting the subject to release the mouse. The midpoints of six such reversals were averaged to compute hearing threshold (in dB SPL) at a particular frequency. All subjects had hearing thresholds within limits of normal sensitivity established in the laboratory using this custom system. Tympanometry was also normal for all subjects.
Speech in Noise Testing
Subjects' ability to perceive speech in noise was assessed using the QuickSIN test (Etymotic Research 2001; Killion et al. 2004 ). The first four lists of the QuickSIN test were presented to each subject in a counter-balanced order. The target sentences and the background babble were simultaneously presented to both ears using insert earphones with the target material at 70 dB SPL. The level of the masker was varied in 5-dB steps to achieve SNR ratios between 25 and 0 dB with each sentence within each list. The number of words repeated correctly at each SNR was averaged across the four lists for each subject. This method of analysis was chosen over the traditional derivation of SNR loss (based on the total number of correctly repeated words) as we intended to use SNR as a factor in our analyses.
MRI Acquisition and Data Analysis
Anatomical MR images were acquired at the Center for Advanced MRI in the Department of Radiology at Northwestern University using a Siemens 3T Trio scanner. A high resolution, T1-weighted 3D volume was acquired (MP-RAGE; TR/TE ϭ 2300 msec/3.36 msec; flip angle ϭ 9 degrees; TI ϭ 900 msec; matrix size ϭ 256 ϫ 256; FOV ϭ 22 cm; slice thickness ϭ 1 mm; axial acquisition).
Data analysis was performed using the FreeSurfer image analysis suite, following published methods used by others (Tartaglia et al. 2009 ) and in our previous research (Wong et al. 2008b ). These methods are described in detail in previous publications (Dale & Sereno 1993; Dale et al. 1999; Fischl & Dale 2000; Fischl et al. 2001 Fischl et al. , 2002 Fischl et al. , 1999a Fischl et al. ,b, 2004a Segonne et al. 2004; Han et al. 2006; Jovicich et al. 2006 ) and include the removal of all non-brain structures from the T1 scans based on a combination of watershed algorithms and deformable surface models, transformation to a common standard stereotaxic atlas, segmentation of brain tissues into gray and white matters, intensity normalization, and automated topology correction. After generating these cortical models, further surface-based analysis involved registration to a spherical atlas based on cortical folding patterns, and parcellation of the cerebral cortex into anatomical regions using the structural information of brain gyral and sulcal folding (Desikan et al. 2006) . This parcellation provides region-specific anatomical measures of gray matter volume (henceforth "raw volume") and mean cortical thickness (henceforth "thickness"), and it has been demonstrated to be comparable in accuracy with manual techniques (Kuperberg et al. 2003; Salat et al. 2004 ). To normalize for intersubject differences in overall cortical volume, we further calculated normalized gray matter volumes for each cortical region as the regional volume fraction of total hemispheric cortical gray matter (henceforth "fractional hemispheric volume").
RESULTS
Group Differences in Pure-Tone Thresholds and Speech Perception in Noise
Mean hearing thresholds for each frequency are presented in Figure 1 . A group ϫ ear ϫ frequency repeated-measures analysis of variance (ANOVA) showed a main effect of group (F[1,21] ϭ 5.026, p ϭ 0.036). This main effect of group suggests that although older subjects scored within normal limits for the frequencies important for speech perception, their overall peripheral hearing sensitivity was still lower than that of the younger subjects. We also found a main effect of frequency (F[7,15] ϭ 4.656, p ϭ 0.006), with poorer thresholds for higher frequencies in both groups. A significant frequency ϫ group interaction was also found (F[7,15] ϭ 3.54, p ϭ 0.019), suggesting that the two groups differed more in hearing thresholds for the higher frequencies.
There was no main effect of ear (left versus right) or any other significant interactions. Bonferroni correction for multiple comparisons (p Ͻ 0.0083 is required to reach significance for the 6 tests performed) was the SNR 0 dB condition (t[27] ϭ 3.621, p ϭ 0.001). No significant group difference was found for the SNR 5 dB condition (t[27] ϭ 1.954, p ϭ 0.061) or for any other conditions.
Group Differences in Neuroanatomy
To gain a broad understanding of group differences in neuroanatomical structures, we performed a series of one-way ANOVAs on the areas of interest. Raw volume, fractional hemispheric volume, and thickness were all considered. Figure 3 shows the results with significant differences highlighted. Generally speaking, older adults showed significantly lower raw volumes than younger adults across all cortical areas of interest. The observation that group differences were not observed for fractional hemispheric volume (with the exception of left pars orbitalis) suggests that the significant differences in raw volume were driven by overall atrophy in older adults spanning cortical areas of interest, rather than targeted atrophy in specific areas. Group differences in thickness were also found across areas of interest, with reduced thickness in older adults.
Neuroanatomy and Speech Perception in Noise
We performed stepwise multiple linear regression analyses* (entrance criterion, ␣ ϭ 0.05; exit criterion, ␣ ϭ 0.10) using bilateral anatomical measures of caudal middle frontal gyrus, pars opercularis, pars triangularis, rostral middle frontal gyrus, superior frontal gyrus (covering dorsal and ventral aspects of PFC), precuneus, and superior temporal region (auditory cortex) as predictors of speech perception in noise ability in the least favorable condition on the QuickSIN (0-dB SNR condition). Not only did these regions contribute significantly to speech perception in noise in our previous fMRI study (Wong et al. 2009 ), but they are also putative cognitive brain regions associated with executive functions, working memory, and attention (Blumenfeld & Ranganath 2007) . The 0-dB SNR condition was selected because it was the only condition that showed significant group differences. Separate regression models were assessed for raw volume, fractional hemispheric volume, and thickness.
For the older adult data, we found only one significant model for both raw volume and fractional hemispheric volume, with volume of left pars triangularis being the sole significant predictor (raw volume: R 2 ϭ 0.297, F[1,13] ϭ 5.497, p ϭ 0.036; fractional hemispheric volume: R 2 ϭ 0.361, F[1,13] ϭ 7.333, p ϭ 0.018). Figure 4 (left panels) demonstrates the relationship between fractional hemispheric volume of left pars triangularis and QuickSIN performance. For cortical thickness, only one significant model was found, with thickness of left superior frontal gyrus being the sole significant predictor (R 2 ϭ 0.473, F[1,13] ϭ 11.683, p ϭ 0.005] (Fig. 4, right panels) . † As seen in Figure 4 , the significant correlations linking task performance to left pars triangularis remained after normalizing for total hemispheric volume, implying that the relationship between this cognitive brain region and speech perception in noise abilities in older adults was not related to overall cortical volume. Furthermore, total cortical volume was not correlated with performance in either the 0-dB (Pearson's r ϭ 0.008, p ϭ 0.905) or the 5-dB (Pearson's r ϭ Ϫ0.034, p ϭ 0.977) SNR conditions.
It is also worth mentioning that some of our findings are unrelated to age. We found no significant correlation between the age of the older subjects and raw volume of left pars triangularis (Pearson's r ϭ 0.006, p ϭ 0.983), fractional hemispheric volume of left pars triangularis (Pearson's r ϭ 0.060, p ϭ 0.833), or QuickSIN performance (0 dB SNR condition; Pearson's r ϭ Ϫ0.166, p ϭ 0.553). However, there was a marginal significant correlation between age and thickness of superior frontal gyrus within the older adults (Pearson's r ϭ Ϫ0.514, p ϭ 0.050). (All p values reported were not corrected for multiple comparisons.) In addition, the appendix (see Supplemental Digital Content, http://links.lww.com/EANDH/A21) contains correlational matrices showing colinearity statistics for age, performance on the QuickSIN 0-dB SNR condition, and all neuroanatomical measures of interest for the older listeners.
The results above indicate that regions of the PFC (especially the left pars triangularis and also the left superior frontal gyrus) are associated with success in perceiving speech in noise in the most difficult listening condition (0 dB SNR), the only Quick SIN condition in which our older and younger subjects differed at a statistically significant level. To further examine the relationship between speech perception in noise and anatomy of the PFC, we conducted additional correlational analyses between older adults' performance in the 5-dB SNR condition and anatomical measures of left pars triangularis and superior frontal gyrus. For both raw volume and fractional hemispheric volume, we found a significant positive correlation in the left pars triangularis (raw volume: Pearson's r ϭ 0.650, p ϭ 0.009; fractional hemispheric volume: Pearson's r ϭ 0.602, p ϭ 0.018). No significant results were found for the superior frontal gyrus (raw volume: Pearson's r ϭ Ϫ0.056, p ϭ 0.844; fractional hemispheric volume: r ϭ Ϫ0.379, p ϭ 0.164; thickness: r ϭ Ϫ0.001, p ϭ 0.997). These results are displayed graphically in Figure 5 .
For younger adults, we also performed regression analyses on raw volume, fractional hemispheric volume, and thickness, using the same neuroanatomical areas as predictors for QuickSIN performance (0 and 5-dB SNR conditions), and using the same entrance and exit criteria. No significant regression models were found for any neuroanatomical measures. That is, no neuroanatomical measures of our cortical areas of interest were predictive of QuickSIN performance. *Because no definitive relationship has been established between the ␣ level used for stepwise regression and the type I error rate (see Pope & Webster 1972) , there is no gold standard for the choice of the entrance and exit criteria; however, the analyst must seek to balance both the type I and type II error rates. Thus, considerable variability in the choice of selection criteria exists in the literature (Montgomery & Peck 1982) , with accepted ␣ levels ranging anywhere from 0.05 to 0.25 (Kennedy & Bancroft 1971) . Often the entrance and exit criteria are held equal, although a larger ␣ value may be used for the exit criterion to more conservatively retain previously identified predictors in the model (Draper & Smith 1998) . We replicated the statistical analyses for both subject groups using ␣ ϭ 0.05 for both entrance and exit criteria, and arrived at identical models for all neuroanatomical measures considered. † It is important to note that stepwise multiple linear regression represents one of the more conservative statistical methods. It is possible that other anatomical variables were predictive of speech perception in noise performance but failed to enter the model because they were highly correlated with those that did enter the model (e.g., left pars triangularis and left superior frontal gyrus).
High-Frequency Pure-Tone Thresholds and Speech Perception in Noise
Because high-frequency pure-tone thresholds have been linked to speech perception in noise performance (Plomp 1986; Nilsson et al. 1994) , we performed additional regression analyses using the two highest frequencies we measured (6000 and 8000 Hz) bilaterally as predictors for QuickSIN 0 dB SNR condition. Using a stepwise multiple regression method, we found no significant model for either the older or younger subject groups. However, it is worth pointing out that relatively speaking, even our older subjects have hearing thresholds and speech perception in noise abilities within normal limits. Previous studies that found a relation between pure-tone thresholds and speech perception have focused on populations with hearing loss.
DISCUSSION
This study presents evidence for a relationship between the cortical neuroanatomy of cognitive brain regions and spoken word processing in older adults. Although recent studies have found associations between neuroanatomical measures and speech recognition (Eckert et al. 2008; Harris et al. 2009 ), they focused on degraded (low-pass filtered) speech rather than speech embedded in noise, and they did not focus on the anatomy of cognitive brain regions. Our study focused on the relationship between PFC anatomy and the ability to identify sentences in noise: the larger or thicker the PFC (considering both "raw" and subject-normalized measures), the better the ability to perceive speech in noise in older (but not younger) adults. Along with other studies that show a correlation between PFC activation and hearing in noise performance (Wong et al. 2009 ), these findings underscore the importance of cognitive-association areas when peripheral and central auditory areas are insufficient to process speech in older adults. That is, when the peripheral and central hearing systems are taxed (in our case, poorer pure-tone thresholds and speech perception in noise functions), a larger and more active PFC can facilitate hearing in noise. One conceivable way to interpret these results is through the decline-compensation hypothesis, which suggests that an increase in the recruitment of more general cognitive areas (e.g., PFC) serves to compensate for the decline in sensory processing often found in older adults.
Our results complement decades of research on peripheral contributions to speech perception in noise (see Gordon-Salant 2005 for a review) and argue that complex auditory functions are not encapsulated but rather dependent and can be facilitated by higher-order cognition functions. Although the contribution of PFC to cognitive functions has been studied extensively (Miller & Cohen 2001; Knudsen 2007 ), the precise manner in which it may facilitate speech perception in noise and compensate for decreased sensory activation is not clear. Several possible accounts are worth mentioning, including inhibitory control, attention, cross-modal compensation, increased facilitatory effect of contextual statistical information (Conway et al. 2010) , and phonological working memory.
It is possible that the PFC is exerting inhibitory control, particularly of working memory contents (Hasher & Zacks 1988) as well as of posterior association and sensory cortices. A larger and more active PFC can more successfully inhibit irrelevant information from the peripheral system, facilitating identification. Evidence for this approach comes from findings that older adults make more indirect semantic associations and remember disconfirmed or inappropriate information relative to younger adults (Zacks et al. 2000) . A confirmation of this hypothesis for this study would in part be based on whether the particular areas of the PFC are inhibitory regions or not, and evidence suggests that the left ventral PFC does indeed inhibit verbal working memory (Jonides et al. 2000) . Thus, the PFC may be inhibiting competing words during lexical access ( Sharp et al. 2005 ) and a larger (or thicker) PFC may be more successful in inhibiting possible incorrect answers. Alternatively, a larger PFC may be better at blocking the noise itself, inhibiting its acoustic signal from affecting word identification. An alternative account is based on the role of PFC in attention. Aging is accompanied by a reduction in the amount of attentional resources leading to decreased performance on cognitively demanding tasks (Craik 1986 ). This is supported by evidence that attentional limits imposed on younger adults result in performance similar to older adults (Anderson et al. 1998) , although the applicability of this hypothesis to the auditory domain has yet to be assessed.
At least two speech-specific possibilities exist for the involvement of PFC in speech perception, and although an account of cross-modal compensatory PFC activation may be useful given the similar pattern of activation found in vision, there may also be speech-specific processes at work. First, most theories of speech perception incorporate the motor system in addition to the auditory system to varying degrees in the network of regions responsible for sound recognition (see Liberman & Mattingly 1985; Fadiga & Craighero 2006 for arguments for a significant role; Hickok & Poeppel 2007 for a limited role). For example, Fadiga and Craighero suggest that listeners understand speakers by virtue of having their articulatory gestures activated by acoustic sounds. Therefore, greater dorsal PFC activation may compensate for a degraded acoustic signal in interpreting the acoustic signal as gestures.
Finally, another possible role of PFC in the context of speech perception in noise is as a locus of working phonological memory (Cowan 1995) . Frankish (1996) suggested a crucial role of working memory in the processing of complex strings of sounds, particularly those that are long, based on Baddeley's (1986) hypothesis of a phonological processing loop. This loop involves entering acoustic information into a store that is then mediated by a central executive process based in the frontal lobe. In this model, speech understanding fails when information decays from the phonological store before it can be subsequently accessed and processed. A larger working memory (i.e., a larger PFC) can ameliorate this situation for both long words or sentences and difficult words that may require more time to process. Although we attribute our results to a decline-compensation mechanism within the framework of age-related brain atrophy, it is conceivable that such a mechanism is not restricted to older adults but rather to many populations that show decline in sensory domains. For example, it may be the case that younger subjects who have deficits in auditory perception would show the same link between PFC anatomy and task performance as did the older subjects in this study. Importantly, however, we found that young adults with normal hearing did not show this pattern, suggesting that when there is no decline in peripheral hearing, these cognitive regions do not play the same role.
Future research is needed to clarify the role of the PFC in speech perception in noise. One avenue includes exploring the observation that neuroanatomical anomalies can sometimes be associated with communicative disorders, which can be partially remediated through behavioral training. For example, phonologically based treatment can result in behavioral gain and activation of under-activated areas in the left posterior temporal regions of normal readers (Simos et al. 2002; Shaywitz et al. 2004 ). Therefore, it is plausible that in certain cases of neuroanatomical anomalies, remediation techniques can alleviate the behavioral deficit. In the case of hearing in noise, this remediation may be facilitated by understanding the role of higher-order cognitive processing. Such conceptualization of remediation is consistent with research focusing on treatment of communication disorders at a broader communicative level (e.g. Peache & Wong 2004) .
Speech communication in the real world is not a trivial task. Chief among the obstacles facing older adults is the perception of speech in noise. Several studies have found that the frontal lobe shows the fastest rate of age-related atrophy (Pfefferbaum et al. 1998; Resnick et al. 2003; Raz et al. 2005) ; thus, understanding its role in the processing of speech in noise is crucial. This study provides evidence that a larger (or thicker) PFC is associated with more successful speech perception in noise in older adults. This contributes to a growing body of converging evidence that seeks to explain hearing in noise problems not constrained to the auditory domain, but rather reflecting the complementary interaction of auditory and cognitive systems. 
